Conductivity enhancement of poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) films post-spincasting J. Appl. Phys. 112, 113709 (2012) Flexible cobalt-phthalocyanine thin films with high charge carrier mobility Appl. Phys. Lett. 101, 222102 (2012) Analysis of mobile ionic impurities in polyvinylalcohol thin films by thermal discharge current and dielectric impedance spectroscopy AIP Advances 2, 042152 (2012) Dependence of contact electrification on the magnitude of strain in polymeric materials J. Appl. Phys. 112, 084909 (2012) Additional information on J. Appl. Phys. The effects of the physical channel length on the current-voltage characteristics of thin film transistors ͑TFTs͒ made with poly͓5,5Ј-bis͑3-dodecyl-2-thienyl͒-2,2Ј-bithiophene͔ were examined. Coplanar transistors with fully patterned electrodes on insulating substrates and with a common gate structure on thermal oxide were fabricated. The output characteristics of TFTs with channel lengths shorter than 10 m showed the presence of a parasitic contact resistance and the lack of current saturation. The origin of these nonidealities was examined by the application of models that included self-heating effects and breakdown of the channel region at high applied biases. The analysis suggests that carriers can break away from the channel at high bias voltages and flow through a bulk region of the semiconducting film leading to higher currents than otherwise expected.
I. INTRODUCTION
We report a study of the current-voltage, I-V, characteristics of poly(thiophene)-based thin film transistors, TFTs, with varying channel lengths (3-50 m). Most detailed reports on the effects of the channel length on the I-V characteristics of polymer-based TFTs have focused on behavior in the linear regime; [1] [2] [3] [4] here, we focus on the saturation regime at high source-drain biases. These data demonstrate how contact effects and channel shortening can affect the extraction of field effect mobilities from polymer-based TFTs and also provide information about bulk transport. Additionally, an understanding of these effects is important to prevent the incorrect assignment of the carrier mobility of polymeric semiconductors.
Field effect mobility is a widely used benchmark for the electrical performance of organic semiconductors. 5 This property is an important characteristic of a material because it defines its capability to carry current. The effective mobilities of carriers in semiconducting polymers can span over five orders of magnitude (Ͻ10 −5 to 10 −1 cm 2 /V s). Amazingly, such ranges can be obtained for the same material when deposited from different solvents, 6 when deposited onto chemically distinct dielectric layers, 7 or when fractionated into different distributions of molecular weight. 8 The highest reported mobilities are around 0.1 cm 2 / V s for holes in poly(3-hexylthiophene), P3HT, 9 and poly͓5,5Ј-bis͑3 -dodecyl-2-thienyl͒-2,2Ј-bithiophene͔, PQT-12 (or XPT), 10 based on measurements of TFTs with hydrophobic coatings on the surface of the gate dielectric.
Analysis of the electrical properties of semiconducting polymers, such as the carrier mobility, is complicated because they are disordered materials containing electronic traps and because polymer-metal contacts are rarely ohmic. For TFTs, in particular, the mobility extracted from currentvoltage measurements must be considered to be a device property rather than an intrinsic materials property. Contact resistances in TFTs can complicate the interpretation of I-V measurements and are increasingly important as the physical channel length decreases. [1] [2] [3] [4] 11, 12 Frequently, high sourcedrain voltages are used to characterize materials in the hopes of overcoming contact barriers. High bias voltages can produce stress in TFTs 13 and can cause problems such as chemical degradation of polymeric materials and ion migration in films. 14 There is no doubt that nonideal I-V characteristics are observed for polymeric TFTs with small channel lengths ͑Ͻ5 m͒. A number of groups have reported work on P3HT-based TFTs with varying channel lengths. Heeger and co-workers have recently reported effective mobilities of 0.2 cm 2 / V s for P3HT-based TFTs and their data shows an increase of the mobility with respect to decreasing channel length. 15 Friend and co-workers have extracted contact resistances between P3HT and several metals using TFTs with small channel lengths. 3, 11 In some of their devices, they observe the lack of current saturation in the output characteristics at channel lengths less than 10 m.
11 Chou and coworkers have made P3HT-based TFTs with channel lengths as small as 100 nm. 16 They used thin oxide gate dielectric layer that enabled the use of low-voltage operation and observed diodelike I-V characteristics for the shortest ͑100 nm͒ devices. Meijer et al. have reported results on the parasitic resistances at contacts in poly(2,5-thienylene vinylene) and P3HT-based TFTs and found that these resistances are comparable to the channel resistance at physical channel lengths of ϳ1 m. 4 We report here a study of TFTs of varying channel lengths (3-50 m) made from a regioregular poly-(thiophene), PQT-12, and operated over a relatively large range of source-drain biases (0 to ±50 V). Examination of the I-V characteristics at high biases is relevant for applicaa)
Electronic mail: mchabinyc@parc.com tions in displays using electrophoretic media and also because such voltages are frequently used to characterize new organic materials. 17, 18 The characteristics of PQT-12 appear ideal at low voltages and long channel lengths ͑Ͼ20 m͒, but strong deviations from gradual channel behavior occur at high bias voltages in the saturation regime for devices with shorter channels ͑Ͻ10 m͒. We examine these effects using models that incorporate self-heating effects and channel shortening due to bulk transport.
II. EXPERIMENTAL METHOD
All of the TFTs studied here were fabricated in the coplanar geometry (Fig. 1) . Two types of fabrication processes were used. The simplest devices were made using a common gate structure of a heavily doped silicon wafer with a thermally grown oxide layer as the dielectric. The source and drain contacts were patterned using either a jet-printed wax resist 19 or standard photolithography, followed by wet etching. Most data were obtained for fully patterned devices on glass substrates. In these devices, chrome gate electrodes were defined by standard photolithography on glass. The dielectric layer was either a plasma-enhanced chemical vapor (PECVD) deposited SiO 2 or SiO 2 / SiN x dielectric stack ͑C =30 nF/cm 2 ͒. The source and drain contacts were made of gold ͑2000 Å͒ with a chromium adhesion layer ͑30 Å͒ and were patterned using lift-off methods. A self-assembled monolayer formed from octyltrichlorosilane was applied to all dielectrics using previously reported procedures. 7 The semiconducting layer was deposited by spin coating; we used a regioregular poly(thiophene) synthesized by Xerox, poly͓5,5Ј-bis͑3-dodecyl-2-thienyl͒-2,2Ј-bithiophene͔ referred to as PQT-12, that was dissolved in dichlorobenzene. The thickness of the semiconducting films ranged from 30 -50 nm. The semiconducting layer of the devices was patterned by mechanically scribing around the periphery of the source and drain electrodes.
Current-voltage characteristics of the PQT-12-based TFTs were measured in the dark under flowing nitrogen. Measurements were obtained using both continuous and pulsed gate bias measurements. The slow, continuous gate measurements were obtained using a home-written LABVIEW program with a computer controlled power supply (Agilent 6614C) for the source drain and gate bias and an electrometer (Keithly 617) for current measurements. For the continuous measurements of transfer characteristics, the gate voltage was swept from the off regime to the on regime at ϳ1 V/s. For continuous gate measurements of the output characteristics, the gate voltage was held at a fixed value and the source-drain bias was swept more negative at ϳ1 V / s; measurements of several output curves were done in decreasing gate biases to test for stress effects. Pulsed gate measurements were obtained by applying a 10 ms bias to the gate electrode with a pulse generator (Hewlett Packard 214B) and measuring the current with a current amplifier (Ithaco 1211) attached to a digital oscilloscope.
III. RESULTS
We measured the I-V characteristics of PQT-12-based TFTs with channel lengths greater than 20 m. The characteristics of these devices are well fit by the standard, gradual channel model for TFTs, Eqs. (1a) and (1b); (Fig. 2) . 20 In Eq. (1a) and (1b), I D is the drain current, C is the capacitance of the dielectric layer, W is the width of the device, L is the length of the device, V G is the gate voltage, V T is the threshold voltage, and V D is the source-drain voltage. The extracted field-effect mobilities were typically 0.03-0.08 cm 2 / V s depending on the substrate. 21 The TFTs had high on-to-off ratios ͑Ͼ10 6 ͒, subthreshold slopes of ϳ1.4 V / decade, and threshold voltages ͑V T ͒ of ϳ0 V (Fig. 2) . No evidence for hysteresis in the transfer characteristics was observed on the time scales of the dc measurements. Within a given substrate (glass or thermal oxide on doped silicon), devices of the same channel length had similar I-V characteristics.
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The I-V characteristics of TFTs with channel lengths less than 10 m showed strong deviations from the gradual channel model. Figures 3 and 4 show the output characteristics of PQT-12-based TFTs with a channel length of 3 m on glass and 5 m on a silicon wafer, respectively. These figures also show the predictions of the gradual channel model using parameters obtained from a device with a channel length of 50 m on the same substrate. In the linear regime at low drain bias, the output current of the TFTs is lower than that predicted by the model; these data indicate the presence of a nearly ohmic contact resistance (ϳ1-5 k⍀ cm depending on the device) similar to that in P3HT-based devices. 3, 4 In contrast, at large drain bias ͑V D Ͻ −10 V͒, the output current is substantially larger than that expected based on the model (ϳ4 times higher for the 3 m device and ϳ1.5 times higher for the 5 m device at V D = −50 V) and the output current does not saturate. Measurements using pulsed gate biases yielded output characteristics with higher currents than the slower dc measurements due to gate bias stress, but the shape of the characteristics was comparable. 12 For the TFTs studied here, it is clear that the shorter channel devices have nonideal characteristics relative to the longer channel devices.
Despite the severe deviations in the output characteristics from the gradual channel model for short channel TFTs, the transfer characteristics of these devices can be fit relatively well with the standard model for saturation behavior. The ratio of the on-to-off current for these devices is high ͑Ͼ10 6 ͒ (see Fig. 4 ) and the apparent threshold voltage is near 0 V. The transfer characteristics in apparent saturation at two source-drain biases of a TFT with a 3 m channel length are shown in Fig. 3 . The apparent mobility of the TFT at V D = −30 V is 0.1 cm 2 / V s and at V D = −50 V is 0.3 cm 2 / Vs. The latter value would represent record performance for a polymeric material, but neither value represents a true materials property because the device does not show true saturation behavior (Fig. 3) . The extraction of a meaningful value of the mobility from an I-V characteristic depends on assumptions in the gradual channel model about the applied potentials and the resulting carrier concentration; 20 if the model is not obeyed, these assumptions are invalid and a value of the mobility cannot be derived. Without examination of the output characteristics, these parameters could have mistakenly been considered to be valid.
A further nonideality in the short channel devices is a pronounced hysteresis in the transfer characteristics [ Fig.  5(a) ]. During gate voltage sweeps of the transfer characteristics from the off to on region and back, the apparent threshold voltage of the short channel devices moves to a more negative voltage on the reverse sweep. These effects are not observed in the longer channel devices on the same substrate [ Fig. 5(b) ].
IV. DISCUSSION
To summarize our observations, the PQT-12-based TFTs with channel length L Ͼ20 m exhibit nearly ideal characteristics in devices, but those with L Ͻ 20 m exhibit increasingly strong deviations from saturation behavior and an apparently high mobility. No enhancement in current is observed in the linear regime for the short channel devices relative to the longer channel devices. Since the enhancement in saturation current leads to a high apparent mobility, we need to understand if this is a real material property or if it is due to other nonidealities in the devices. We have considered a number of explanations for this behavior and report our analysis of the possibility of extrinsic effects, selfheating, and channel shortening.
Extrinsic effects. It is important to determine if the lack of current saturation for the short channel TFTs could be caused by properties of the device other than the physical properties of the semiconductor. Several possible explanations can be ruled out. Gate leakage currents were Ͼ10
smaller than the drain current. Polarization or charge trapping in the gate dielectric layer can be ruled out because the same effect was found with TFTs fabricated using PECVD deposited layers (Fig. 3) and with thermal oxide (Fig. 4) ; these materials have very different trap densities and are unlikely to behave similarly if gate bias stress is the origin. Furthermore, I-V characteristics measured using pulsed gate voltages ͑ϳ10 ms͒ showed similar behavior to those from slower ͑ϳ1 s͒ measurements. Chemical degradation or movement of ionic impurities seems unlikely as devices exhibit normal characteristics under low source-drain biases after operation at high biases.
14 In addition, all of these effects would also affect the longer channel devices, but these devices behave "ideally."
For extremely short channel TFTs, deviations from the gradual channel model are well documented for Si-based devices. 20 These deviations can be caused by a breakdown of the scaling of the physical dimensions of device or the possibility of a field-dependent mobility. For the TFTs studied here, the channel lengths are at least ten times greater than the dielectric thickness. Thus, the gate field should dominate the source-drain field under low applied bias.
Organic semiconductors are known to have a fielddependent mobility 22 and this fact is an obvious consideration in understanding the behavior in these devices. In the conventional gradual channel model, the channel voltage is independent of drain voltage, when V D exceeds V G − V T , [Eq. 1(b)] and all of the excess drain voltage is dropped at the drain contact. Thus, even if the mobility is field-dependent, no change in current should be observed in saturation and a field-dependent mobility cannot be the only cause of the lack of saturation.
Self-heating effects. Many of the TFTs that we tested were fabricated on glass substrates that are thermally insulating ( Figs. 1 and 2 ). Self-heating is a well-known phenomena in silicon-on-insulator TFTs that leads to nonideal output characteristics at high currents and high bias voltages. 23, 24 If the resistive heat generated by the TFT is not efficiently transported away, the temperature of the TFT will rise causing the current to increase. To consider the effects of selfheating on the polymer-based TFTs, we follow a formalism used by Shur and co-workers to describe amorphous silicon TFTs on insulating substrates. Self-heating can cause an increase in output current due to a temperature dependence of the field-effect mobility and threshold voltage. We have measured the temperature dependence of the device parameters of PQT-12-based TFTs from room temperature to ϳ100°C using long channel length ͑50 m͒ TFTs. 25 The threshold voltage only shifted slightly ͑Ͻ1 V͒ over this range of temperatures so we have neglected this shift in the analysis. The mobility derived from transfer saturation characteristics changed linearly over this range (Fig. 6 ) and can be expressed as a function of the room temperature mobility, RT , the change in temperature ⌬T, and T , a constant describing the temperature dependence [Eq. (2)].
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The effects of self-heating on output current can be determined using a self-consistent model. The drain current I D can be expressed as a function of the change in temperature ͑⌬T͒, the dependence of the mobility on temperature ͑T ͒, and the room temperature current I D RT [Eq. (3)]. The temperature rise of the TFT due to resistive heating can be expressed as the electrical power dissipated ͑V D I D ͒ multiplied by the effective thermal resistance of the device, R T . For the devices on glass, the thermal resistance should be dominated by the heat transfer from the TFT through the glass substrate to the metallic probe station chuck that the substrate rests on. The current with self-heating can be determined self-consistently by substituting Eq. (4) into Eq. (3) to obtain Eq. (5). This expression is only approximate because it neglects the kinetics of heating and it uses a simplistic thermal resistance, but should provide a qualitative understanding of the system.
We have attempted to fit the output current for a short channel device on a glass substrate to the self-heating model (Fig. 7) . The parameters for the self-heating model were determined from long channel devices on the same substrate. The value of I DS RT were calculated by simple device scaling and a R T of ϳ6 ϫ 10 4 K / W determined by modeling the TFT as a wire on a semi-infinite slab of glass. 24 The addition of the self-heating effect increases the output current relative to that from the gradual channel model when the current and voltage are large (Ͼ ϳ 1 A and Ͼ ϳ 10 V). While the currents predicted by the self-heating model at high gate voltage ͑−30 V͒ are closer to the experimental data than those from the gradual channel model, the shape of the experimental characteristics is different. In addition the self-heating model underestimates the currents at lower gate voltages ͑−20 and −10 V͒. Since the thermal model is only approximate, we examined the effects of varying the thermal resistance, the least certain parameter in the model. Increasing R T by as much as a factor of 2 does not bring the self-heating model into agreement with the low gate voltage data and causes the predicted current to become much larger than observed at high gate voltage. Decreasing R T causes the predicted currents to become significantly lower than those that were observed. The self-heating model also did not fit data obtained for TFTs with channel lengths of ϳ8 m that show lack of saturation with lower outputs currents, i.e., lower dissipated power (not shown). In addition, devices with a common gate electrode structure on doped silicon wafers also show a lack of saturation (Fig. 4) . The thermal resistance of the substrate in these devices is over a 100 times lower than that for the glass substrates and heating effects should be nearly negligible in these devices.
The model considered here suggests that self-heating cannot completely explain the rise in current past saturation. While the model considered here does not quantitatively fit the I-V characteristics of the short channel TFTs, we believe that self-heating can be an important factor to consider when examining high mobility polymer TFTs on insulating substrates. These factors may become important when driving high current devices such as organic light emitting diodes.
Bulk current model. To examine the saturation behavior of the TFTs, it is important to consider the voltage drops in the devices. The device resistance is often described as three resistances in series corresponding to the source and drain contact resistances (R S and R D ) and the channel resistance, R CH [Eq. (6)]. The dependence on voltage in Eq. (6) reflects that the resistances are not fixed and the relative voltage drop in the three regions may change. The distribution of voltages in the channel is also constrained by the requirement that the same current flows though the different regions of the TFT [Eq. (7)].
Contact resistances are widely observed in polymer TFTs and have either a diode-like or ohmic current-voltage characteristic.
1-3 Short channel TFTs tend to enhance the effects of contact resistances on the output characteristics because the channel resistance is relatively low. Figures 2 and 3 shows that as the channel length decreases from 50 to 3 m, the contact resistance becomes comparable to the channel resistance (based on a contact resistance of 5 k⍀ cm). The PQT-12-based devices here have nearly ohmic contact resistances, similar to those in P3HT-based devices. The physical origin of the contact resistance is uncertain, but it is likely that it is caused by a region of the polymer film near the contact that has different structural order than that in the channel region. 3 We are primarily interested here in understanding the absence of saturation in short channel TFTs. The departure from saturation implies that the conventional field-effect transistor model is not obeyed. Such a breakdown of the gradual channel model is well known and occurs because of a competition between surface and bulk conductance near the drain. 26 Near the pinch-off region, the accumulation layer has few carriers, while the large voltage drop between the channel and the drain favors a bulk current. As illustrated in Fig. 8 , charge breaks away from the channel at some distance L B from the drain. The effective channel length is now reduced to L − L B and the TFT current increases. The location where the current separates from the channel is determined by the requirement that the channel current and the bulk current are equal [Eq. (7)]. In general, the magnitude of L B is determined by the excess drain voltage V D − V G . The enhancement of the current is most obvious in short channel TFTs, because it depends on the relative magnitude of L B and L, and so smaller channel lengths give a larger relative effect.
For a single carrier type, as expected in a TFT, the bulk current near the drain should be a space charge limited current ͑SCLC͒. We are dealing with conduction along a thin film, for which the theoretical trap-free SCLC flow is different from, and larger than, the usual SCLC through a sandwich geometry. The SCLC for a planar device is given in Eq. (8) in the limit of a zero-thickness film where o is the dielectric constant, W is the width of the device, L is the length, and V is the voltage across the bulk current region. 27 The current in the planar geometry is larger than that for the sandwich geometry because the electric field lines extend outside the film, so that the layer can support a higher space change density. The value of the numeric prefactor in Eq. (8) depends on the film thickness and can be solved numerically, but the dependence is weaker than that for the sandwich geometry.
To estimate whether the SCLC can account for the current enhancement in saturation, we compare the ratio of the two currents under apparent saturation conditions where the excess voltage drop above the gate bias is dropped across the bulk (setting the TFT threshold voltage to zero for convenience). Equation (9) gives an approximate ratio of the two currents assuming that the bulk and channel mobility are equal (V B is the voltage across the bulk region, V G is the gate voltage, L B and L CH are the length of the bulk and channel regions).
In Eq. (9), in the term on the right, C G is given in terms of the gate dielectric thickness, C G = o / d N , (ignoring the difference in dielectric constant) for ease of comparison. In our devices, d N ϳ 300 nm, V B / V G ϳ 1, and the smallest channel length we use is ϳ3000 nm. These numbers imply that the SCLC is comparable to the TFT current when the L B ϳ 500 nm. This length is comparable to those of voltage drops measured by scanning Kelvin probe atomic force microscopy observed at contact regions at polymer-metal contacts ͑ϳ500 nm͒. 2 This model explains the stronger deviations from saturation at high gate biases. The channel region and bulk region must carry the same current so the ability of the channel region to shorten depends on its induced conductivity. At low gate biases, the channel region is not conductive enough to allow the lengthening of the space charge region. We therefore believe that this model represents a plausible mechanism for the short channel effect.
The magnitude of the SCLC was confirmed experimentally by measuring the I-V characteristics of a planar PQT -12-based diode with an 8 m gap fabricated on the same glass substrate as the TFTs (Fig. 9) . The current-voltage characteristics show a nearly ohmic region at low bias ͑Ͻ10 V͒ followed by an approximate V 2 region at higher biases. The magnitude of the current SCLC region conforms to Eq. (8), with an effective mobility of ϳ0.6 cm 2 /V s. While this value is larger than that for the best field-effect devices, ϳ0.1 cm 2 / V s, we have not attempted to account for the film thickness and only want to show that the current is approximately that predicted by Eq. (8) . Irrespective of the model used to interpret the current, we can examine the magnitude of the experimental current to estimate the possible bulk current in the TFT. Using the experimental value of the current for the planar diodes at the electric field suggested from the estimate, ϳ10 MV/ m, the current is comparable to that observed in the shortest TFTs at high gate bias (ϳ30 A when normalized for the device width).
In practice, the SCL current cannot be predicted accurately, since there are a number of mechanisms that can make the current larger or smaller. The effect of the nearby gate electrode, which changes the electric field, is not included in the calculated current of Eq. (8). The bulk mobility of the semiconducting film may be larger or smaller than the channel mobility. Trapped charge in the film will also change the space charge limited current. Electron injection from the drain can greatly increase the bulk current flow and could occur by tunneling from the gold electrode. A recent observation of light emission from a polymer-based TFT has been explained using this mechanism. 28 Finally, a field-dependent mobility might apply. None of these effects are easily quantified and may change the saturation current in different samples made with different semiconductors or contact materials.
We conclude that departure from saturation is caused by a bulk current near the drain. In principle, we can derive the TFT characteristics based on Eq. (2) by equating the source resistance, channel and drain SCLC terms in the current. In practice, we still do not know these terms with sufficient precision to give an accurate prediction, and a twodimensional simulation is probably the only way to make an accurate calculation. 29, 30 Implications. The PQT-12-based TFTs examined here show the difficulties of extracting materials parameters from the I-V characteristics of a TFT with physical dimensions such that the contact resistance, the channel resistance, and bulk resistance are comparable. TFTs with channel lengths longer than ϳ10 m do not appreciably show this competition [1] [2] [3] [4] and TFTs with extremely short channel lengths ϳ100 nm may essentially be dominated by contact resistances. 16 For physical channel lengths between these two extremes, the competition between these effects may distort the I-V characteristics enough such that accurate materials parameters are difficult to extract. These data suggest that the I-V characteristics of new materials should be examined at a variety of channel lengths before conclusions about their intrinsic materials properties are drawn.
It is also worth considering whether one of the highest reported mobilities for P3HT of 0.2 cm 2 / V s is likely to be affected by these results. Heeger and co-workers observed dependence of increasing mobility with decreasing channel length 15 that is counter to the results from a number of other groups. [2] [3] [4] Their data show similar deviations from gradual channel behavior as observed for PQT-12-based devices reported here, but their TFTs differ in that the threshold voltage is very positive (Ͼ10 V) and the ratio of on-to-off current is relatively poor, ϳ10 2 . They also observed that the saturation mobility was larger than the linear mobility. The results here, and those of others, suggest that their data be reexamined to determine if their fabrication method does indeed improve the mobility of P3HT-based TFTs.
V. CONCLUSION
We have presented results on the I-V characteristics of poly(thiophene)-based TFTs. At channel lengths above ϳ20 m, the devices show nearly ideal behavior, but below these lengths large deviations from gradual channel behavior were observed. These deviations are attributable to spacecharge injected current through the bulk of the polymer. The high current might be useful in some applications although, generally, devices that saturate are preferred because of their high output impedance.
Surprisingly, despite the lack of saturation in the output characteristics, the transfer characteristics are still relatively well fit by the gradual channel model. Our analysis shows that the high mobility observed at V D ӷ V G is not the correct channel mobility but a result of the short channel effect. High biases are commonly used to characterize new organic materials and only one type of I-V characteristic is reported. The anomalous currents observed in the poly(thiophene) transistors here suggest that the electrical characteristics of new materials should not be characterized solely at high volt- ages and that full sets of characteristics should be reported. The mobility measured at high V D can only be trusted if the TFT exhibits saturation.
